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Abstract

Radionuclide irradiators (137Cs and 8°Co) are commonly used in preclinical studies ranging
from cancer therapy to stem cell biology. Amidst concerns of radiological terrorism, there

are institutional initiatives to replace radionuclide sources with lower-energy X-ray sources.

As researchers transition, questions remain regarding whether the biological effects of -y-rays
may be recapitulated with orthovoltage X-rays since different energies may induce divergent
biological effects. We therefore sought to compare the effects of orthovoltage X-rays with 1 mm
Cu or Thoraeus filtration and 137Cs -y-rays using mouse models of acute radiation syndrome.
Following whole-body irradiation, 30-day overall survival was assessed, and the lethal dose to
provoke 50% mortality within 30-days (LDsg) was calculated by logistic regression. LDsgg doses
were 6.7 Gy, 7.4 Gy, and 8.1 Gy with 1 mm Cu-filtered X-rays, Thoraeus-filtered X-rays, and
137Cs -y-rays, respectively. Comparison of bone marrow, spleen, and intestinal tissue from mice
irradiated with equivalent doses indicated that injury was most severe with 1 mm Cu-filtered
X-rays, which resulted in the greatest reduction in bone marrow cellularity, hematopoietic stem
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and progenitor populations, intestinal crypts, and OLFM4™ intestinal stem cells. Thoraeus-filtered
X-rays provoked an intermediate phenotype, with 137Cs showing the least damage. This study
reveals a dichotomy between physical dose and biological effect as researchers transition to
orthovoltage X-rays. With decreasing energy, there is increasing hematopoietic and intestinal
injury, necessitating dose reduction to achieve comparable biological effects.
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Introduction

Radiation is widely used as a tool for studies in cancer research, stem cell biology,

and radiation countermeasures. Modern clinical irradiators consist predominantly of
megavoltage (=1 MV) linear accelerators or radionuclide y-ray sources. High-energy
radionuclide sources, such as 137Cs or 89Co, have been the predominant choice in
preclinical studies, with only 30% of murine radiation studies reporting using lower energy
orthovoltage (100-500 kVp) X-rays (1). This proportion, however, is rising steadily due

to increased focus on the risk of theft and intentional dispersal of radionuclide sources.
Therefore, The United States government has begun to encourage institutions to transition
to X-ray sources to mitigate such risks (2). While replacing radionuclide sources with
orthovoltage X-ray sources may ease security concerns, it represents a retreat to the past for
radiobiology, the consequences of which must be carefully considered.

Orthovoltage X-ray therapy was once the dominant mode of treatment applied by early
radiation oncologists. With the development of higher energy 6°Co teletherapy units and
megavoltage X-ray machines in the 1950s, the field shifted because such machines’
increased photon beam energies allowed for treatment of deeper tumors. This shift prompted
studies that compared orthovoltage X-rays with the novel higher energy modalities and
demonstrated significant differences in the biological response to radiation at the same
physical dose depending on its energy (3). Extensive study of the relative biological
effectiveness (RBE), a ratio of the doses of two types of radiation yielding the same
effect on a biological system, subsequently quantified these differences. The effects of
orthovoltage x-rays on cancer cells /n7 vitro and murine tumors /in vivo were remarkably
more pronounced than radionuclide or megavoltage sources (4-6). The RBE between
orthovoltage and megavoltage X-ray or radionuclide -y-ray sources was ultimately found
to be clinically important enough to necessitate a 10% increase in dose to recapitulate the
effects of orthovoltage cancer therapies with higher energy sources (7,8).

Early studies involving whole-body irradiation of mice found that comparing the radiation
dose which causes 50% lethality from acute radiation syndrome (ARS) within 30-days
(herein LDsg30 herein, referred to as LDsgg) was a useful measure to evaluate RBE (9-11).
Although a few studies have suggested that orthovoltage sources produce comparable effects
in certain preclinical applications (12,13), less attention has been paid recently to potential

Cancer Res. Author manuscript; available in PMC 2023 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bell et al.

Page 3

differences in biological effect, necessitating investigation with modern irradiators and
techniques.

The different biologic effects seen with low and high energy ionizing radiation result

from how radiation of different energies interacts with matter. At energies relevant to
preclinical irradiation (~100-1000 keV), two interactions of photons with matter dominate:
photoelectric effect and Compton scattering. The probability of photoelectric absorption
increases at low energies and with increasing atomic number of the interacting material,
including bone. Compton scattering, in contrast, occurs more frequently with higher energy
photons and is mostly independent of atomic number. Physical simulations and 7 vitro
data have demonstrated that the mass dependence of photoelectric absorption increases the
absorbed dose to bone marrow, especially with low energy photons (14).

Commercially available orthovoltage irradiators produce a spectrum of photon energies
ranging from ~100-350 peak kilovolts (kVp), with average energies approximately one-third
of the peak, depending on the degree of filtration. Increased X-ray filtration may be used

to reduce the fraction of low energy bremsstrahlung photons and characteristic X-rays,
thereby increasing the average energy of the spectrum, potentially making orthovoltage
sources behave more like higher energy radionuclide sources (1,14). Radionuclide y-sources
produce photons of discrete energies at 662 keV for 137Cs or 1173 keV and 1332 keV

for 80Co. Given this range of energies, it is clear that preclinical irradiation walks the line
between photoelectric and Compton absorption which may lead to diverse biological effects.
We, therefore, aimed to assess for differential effects between orthovoltage X-rays, with
varying degrees of filtration, and 137Cs y-rays on survival, hematologic, immunologic, and
gastrointestinal injury using models of acute radiation syndrome.

Methods and Materials

Animals

Irradiation

Eight to ten-week-old male C57BL/6J mice (IMSR Cat# JAX:000664, RRID:
IMSR_JAX:000664) were randomized to groups on arrival and maintained in the animal
facilities of the Albert Einstein College of Medicine. Mice were acclimated for one week
prior to experiments and housed under specific pathogen free conditions with a 14:10 hour
light:dark cycle (0600-2000h), at 20-22°C and 30-70% humidity. Animals had ad /ibitum
access to food (Lab Diet 5001) and water throughout the experiment. To limit pathogen
transmission, water was acidified to a pH of 2.5-3.0 with HCI for survival studies. All
experimental procedures were conducted in accordance with protocols approved by the
Institutional Animal Care and Use Committee.

For whole-body irradiation (WBI) using a Shepherd Mark | 137Cs irradiator, mice were
anesthetized intraperitoneally with Ketamine/Xylazine and placed in a circular jig at the
100% isodose height on a turntable and irradiated according to manufacturer specifications
at a dose rate ranging from 1.87-1.98 Gy/min due to radioactive decay of 137Cs over 2.5
years of study.
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For X-ray WBI using a CIX-3 orthovoltage source (Xstrahl), un-anesthetized mice were
placed into a plexiglass jig. The X-ray irradiator was operated at 300 kVp, 10 mA with
either 1 mm Cu or Thoraeus (4 mm Cu Half-Value Layer (HVL)) filtration. For 1 mm

Cu filtration, the dose rate was 1.89 Gy/min and for Thoraeus, 1.12 Gy/min, both at 40

cm source-surface distance. For partial-body irradiation (PBI) with X-rays using the above
operating characteristics, unanesthetized mice were restrained in 50 mL conical tubes with
the left lower limb exteriorized outside the tube to shield the tibia, fibula, ankle, and foot
under lead. All irradiations were performed between 0900-1100h.

The manufacturer commissioned the C1X-3 orthovoltage irradiator using in-air
measurements as previously described (15). Dose calculation protocols for small animal
irradiation were established following acceptance testing of the irradiator and the
dosimetric output was independently verified by the RNCP Irradiator Dosimetry Program.
Thermoluminescent dosimeters (TLDs) calibrated for orthovoltage energy and traceable to
NIST standards were exposed to a planned dose of 4.0 Gy. The average dose measured in
two sets of TLDs by the independent laboratory were within 1.0% and 1.5% of the expected
reading.

For quality assurance, experimentally delivered doses were verified using radiochromic
film-based in-vivo dosimetry (16). A standard curve was generated by irradiating 2” x 2”
pieces of GafChromic EBT-3 film, cut from the same lot and box, with 0 Gy to 15 Gy

using a clinical linear accelerator’s 6 MV beam at the depth of maximum dose in solid
water. Films were scanned in transmission mode using an EPSON Perfection VV700. On the
same day, film was irradiated using the CI1X-3 or 137Cs. Doses were estimated from optical
density using red and green channels in Matlab (MathWorks). All film was scanned in the
same location using film holder. Due to the small film size and smaller regions of interest
chosen for optical density measurement, no corrections for scanner position were performed.
Film was irradiated using the C1X-3 and 137Cs to 5 Gy and 10 Gy doses in reference
geometry to verify the consistency of the calibration curve for the C1X-3 under reference
conditions. Film readout was always performed no earlier than 20 hours after irradiation
and within 28 hours of irradiation. Continued development between 20 and 28 hours of
irradiation was separately found to be negligible. Similarly, scanner heating was not found
to impact film readings for few readings. Global changes in film optical density between
different experiments were corrected via optical density shifts based on the reading from a
piece of film irradiated under reference conditions on the CIX-3 immediately before or after
the experiment.

Health Status Monitoring and Survival

All animals were assessed daily, or twice daily during critical periods when death was
expected and weighed throughout the study. Published scoring criteria (MISS 3) were
utilized to ensure that humane euthanasia was performed when mice met pre-determined
endpoints (17).
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LDsq Calculations

Dose-response models for 30-day mortality due to acute radiation syndrome were
established based on the binary survival outcomes for animals irradiated using 137Cs, CIX-3
Imm Cu and CI1X-3 Thoraeus, respectively. For each dose level the proportion of animals
that died within 30 days was calculated along with binomial 95% confidence intervals.
Probit dose-response models were fit to these data using the following formalism:

Mortality30d = %(1 - erf[yso \/;(1 - DLSO)])

where D5y represents the dose resulting in 50% mortality, y 5 represents the normalized
dose-response gradient and erfis the mathematical error function.

Compton Scattering to Photoelectric Effect Ratio Calculation

Using NIST XCOM, we input values for the ICRU compact bone and ICRU four component
soft tissue mixtures to determine the ratio of photoelectric effect and incoherent scattering in
these materials at energies of 120 keV, 160 keV, and 662 keV.

Complete Blood Count

Histology

Mice were euthanized by isoflurane overdose and blood was collected by cardiac puncture
into KoEDTA coated tubes. Automated complete blood count with differential was
performed using a Hemavet 950FS (Drew Scientific). Kwik-Diff-stained blood smears were
evaluated for morphology.

Formalin-fixed, paraffin-embedded sternum, thymus, spleen, stomach and intestine were
sectioned at 5 pm and stained with Hematoxylin and Eosin (H&E) and Perl’s Prussian

blue using standard protocols. Histology experiments were replicated at least twice using

a minimum of 3 biological replicates per group. Coded samples were assessed by
independent, board-certified pathologists blind to the code. Slides were imaged on the

P250 Slide Scanner (3DHISTEC) using the 20x objective. Crypt microcolony assays were
performed as previously described (18) and crypt depths were measured from the base of the
crypt to the crypt-villus junction.

Immunohistochemistry

Slides were re-hydrated through graded alcohols then 20 minutes of antigen retrieval was
performed in a vegetable steamer. Slides were cooled to room temperature then washed with
TBS containing 0.025% Triton X-100 (TBST), then peroxidase blocked with Bloxall for 10
minutes followed by 1 hour of blocking with 10% goat serum and avidin-biotin blocking.
Sections were incubated with rabbit monoclonal antibodies against olfactomedin-4 [D6Y5A]
(Cell Signaling Technology Cat# 39141, RRID:AB_2650511, 1:400), Transferrin Receptor
[EPR20584] (Abcam Cat# ab214039, RRID:AB_2904534, 1:400), or Myeloperoxidase
[EPR20257] (Abcam Cat# ab208670, RRID:AB_2864724, 1:1000) overnight at 4°C then
rinsed with TBST prior to detection using an anti-rabbit avidin-biotin amplification kit
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(\Vector Laboratories Cat# PK-6101, RRID:AB_2336820). Vector NovaRed, Vector SG, or
DAB were used as chromogens and sections were counterstained with hematoxylin prior to
dehydration and mounting.

EdU Cell Proliferation Assay
20 mg/kg 5-ethynyl-2'-deoxyuridine (EdU; Sigma-Aldrich) in PBS was injected i.p. 2 hours
prior to euthanasia. EAU was detected according to the manufacturer’s instructions (Thermo-
Fisher). EdU* cells/crypt were assessed by counting 50 intact crypts. Regenerating crypts
were defined as crypts having =5 EAU* cells. Fluorescent images were obtained on the P250
Slide Scanner (3DHISTEC) using the 20x objective with constant exposure time within each
experiment.

Flow Cytometry

Hematopoietic stem and progenitor cells (HSPCs) and splenic immune cells were stained
with Zombie NIR fixable viability dye (Biolegend). Immune cells were Fc-blocked with rat
anti-mouse CD16/32 [2.4G2] (Becton-Dickinson) for fifteen minutes. Extracellular staining
was performed and acquired using an Aurora flow cytometer (Cytek Biosciences) and
analyzed using FlowJo (FlowJo, RRID:SCR_008520) version #10.8.1 in conjunction with
the uniform manifold approximation and projection plugin (UMAP RRID:SCR_018217)
version #3.1) (19). For UMAP analysis, all samples were downsampled and concatenated
to generate representative plots. Hematopoietic stem and progenitor cells were gated using
a published strategy (20). Details are available in the supplemental methods (Supplemental
Tables 1 & 2).

Bone Marrow Transplant

Bone marrow was prepared by flushing bones harvested from 2 six-week-old male CD45.1
mice (IMSR Cat# JAX:002014, RRID:IMSR_JAX:002014) and pooled. 10 million cells in
PBS were injected i.v. via tail vein 24 hours post-irradiation, or PBS alone was injected.

Statistical Analysis

Statistical analysis was performed using Prism (GraphPad Prism, RRID:SCR_002798)
version #9.2.0. Survival was compared using Kaplan-Meier curves with log-rank. One-way
analysis of variance (ANOVA) was utilized to compare three or more groups while two-way
ANOVA was utilized for multiparametric flow cytometry, each using Tukey’s multiple
comparisons test. Non-irradiated controls were excluded from statistics in hematopoietic
studies and shown only as reference since the primary comparison was between irradiated
groups. Power analysis was not performed. Results were considered statistically significant
when p<0.05 or the Bonferroni-corrected p-value. Data are presented as mean + SEM.

Data Availability

The data generated in this study are available upon request from the corresponding author.
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Increased Relative Biological Effectiveness of Orthovoltage X-Rays for Whole-Body

Irradiation

We sought to compare the effects of whole-body irradiation (WBI) using 137Cs -

rays or orthovoltage X-rays on Hematopoietic-Acute Radiation Syndrome (H-ARS). We
immediately noticed that there were discrepancies in the dose required to provoke lethality
secondary to H-ARS between methods. This prompted a more detailed comparison of our
machines and how their physical parameters could influence our biological systems. We
also performed additional dosimetry validation to ensure that equivalent physical doses were
delivered across methods.

The average energy (E) of our least filtered (1 mm Cu) X-ray spectrum is 120 keV. We

can harden the beam to E=160 keV by attenuating low energy x-rays with a Thoraeus filter,
an alloy equivalent to 4 mm Cu filtration (Communication with Xstrahl). 137Cs irradiation
has the highest energy with a monoenergetic 662 keV beam. Radiation absorption varies
with beam quality (approximately a function of E), particularly in the range of orthovoltage
X-rays, with lower energy radiation increasing the proportion of photoelectric absorption
relative to Compton absorption. Therefore, we calculated the ratio of Compton scattering
to photoelectric absorption occurring in compact bone surrounding the bone marrow. The
ratio of Photoelectric to Compton absorption is greatest with our lowest E beam, 1 mm Cu,
and is reduced by hardening the beam with Thoraeus filtration while orthovoltage beams
produce two orders of magnitude more photoelectric absorption than the 137Cs beam in
both bone and soft tissue (Fig. 1A). Given these factors, and simulation data suggesting
increased absorbed dose to bone marrow due to photoelectric effect (14), we expected our
lower energy orthovoltage beams to increase the severity of hematopoietic injury relative to
137¢g,

To test this hypothesis, we performed dose-response experiments to identify the lethal

dose to provoke 50% mortality within 30-days (LDsg) from H-ARS following whole-body
irradiation (WBI; Fig. 1B-D). For 1 mm Cu filtered X-rays, the LDgq was 6.72 Gy (95% ClI:
6.65, 6.80). Beam hardening with Thoraeus filtration increased the LDsg to 7.42 Gy (95%
Cl: 7.29, 7.55). 137Cs irradiation required the highest radiation doses to induce death from
H-ARS, with an LDgq of 8.12 Gy (95% Cl: 7.44, 8.80). The RBEs for LDgg with 1mm Cu
and Thoraeus filtered X-rays relative to -y-rays were therefore 1.21 and 1.09, respectively.
Similar trends were observed in weight loss, which increased with decreased radiation
energy (Fig. 1E-G). Interestingly, 1 mm Cu demonstrated the steepest dose-response slope
(y50=14.56) whereas 137Cs had the smallest slope (y50=3.90) with Thoraeus intermediate
(y50=6.25;Fig 1H). These slope differences could present challenges when transitioning
from radionuclide to X-ray sources, as the RBE will vary with the degree of toxicity desired.
Comparing 7.0 Gy irradiation highlights the differences in biological effect between groups
with 100% lethality using 1 mm Cu filtered X-rays, reduced to 30% lethality with Thoraeus
filtered X-rays (Thoraeus; £<0.0001), and no lethality following 137Cs WBI (P<0.0001;
Fig. 11). Weight loss was most severe post-IR with 1 mm Cu filtered X-rays and least
severe following 137Cs irradiation, with Thoraeus filtered X-rays intermediate between the

Cancer Res. Author manuscript; available in PMC 2023 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bell et al.

Page 8

two (Fig. 1J). These experiments identified significant differences in survival depending on
radiation beam quality.

Hematopoietic Injury Increases with Decreasing Radiation Energy Despite Delivering the

Same Dose

Our previous experiments identified different doses necessary to induce the same effect on
50% lethality by 30-days. Here, we sought to assess the degree of hematopoietic injury

at a constant dose of 7 Gy delivered by beams with differing radiation quality, given the
distinct survival phenotypes observed. Preliminary data identified significant recovery from
7-14-days post-irradiation in 137Cs irradiated mice (Supplemental Fig. 1A). We therefore
opted to perform more detailed assessment of the status of the hematopoietic system 10-days
post-irradiation due to the high mortality with 1 mm Cu after this point. While there were
not apparent differences between groups in peripheral blood due to a lag between bone
marrow and peripheral recovery, pancytopenia in all groups confirms that irradiation induced
H-ARS (Fig. 2A-C, Supplemental Fig. 1B).

10-days post-irradiation, all groups exhibited hypocellular marrow by femoral cell counts
and sternal histology (Fig. 2D-E). 137Cs irradiated mice showed the most bone marrow
regeneration with significantly increased cellularity (£=0.0019) relative to 1 mm Cu

treated mice, while Thoraeus filtration increased cellularity to a lesser degree (P=0.0636).
Both Thoraeus and 137Cs groups had focal regions of hematopoietic regeneration within
sternal marrow. This contrasted with severely hypocellular marrow dominated by diffuse
hemorrhage and increased adipose tissue in 1 mm Cu treated mice. Increased trilineage
hematopoiesis was observed in Thoraeus and 137Cs irradiated mice, still with regions of
hemorrhage and increased adiposity compared to control (Fig. 2E-F). Prussian blue staining
identified increased intracellular and extracellular iron in irradiated groups over control bone
marrow without apparent differences between groups (Fig. 2G; Supplemental Fig. 1C).

Flow cytometry for hematopoietic stem and progenitor cells (HSPCs) demonstrated a
consistent trend where 137Cs irradiated mice had increased HSPCs of varying degrees of
maturity compared to X-irradiated mice (Fig. 2H). Absolute HSPC counts from Thoraeus
treated mice tended to lie either intermediate between those of 1 mm Cu and 137Cs
treated mice or closer to those of 1 mm Cu treated mice. There were significant increases
in multipotent progenitor (MPP) 3 between 137Cs and 1 mm Cu or Thoraeus treated

mice (£<0.0001 each). MPP3 is a myeloid-biased progenitor which expands within the
LSK compartment post-irradiation, accounting for much of the early expansion of this
compartment to quickly rebuild myeloid lineages (21). The increase seen in 137Cs-treated
mice likely reflects more rapid kinetics of regeneration due to less severe hematopoietic
injury. These data demonstrate that radiation energy alters the extent of myeloablation and
hematopoietic reconstitution post-irradiation. Dose reduction is therefore necessary when
transitioning between 137Cs and orthovoltage machines due to increased hematopoietic
injury.
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Immunologic and Hematopoietic Recovery Varies with Radiation Energy Following Whole-
Body Irradiation

We next aimed to assess the immunologic status of mice irradiated with beams of varying
quality to determine whether this altered their immune recovery after administering the same
physical dose of 7 Gy. Thymic atrophy with varying degrees of fibrosis was observed in

the 1 mm Cu and Thoraeus treated groups 10-days post-irradiation compared to control.
Meanwhile the 137Cs treated group exhibited reduced atrophy and fibrosis as well as more
clearly delineated structure between the cortex and medulla (Fig. 3A). Thymic weights
further suggested 137Cs treated mice recovered comparably to controls, with 1 mm Cu
having the lowest weight and Thoraeus intermediate (Fig. 3B).

Splenic histopathology demonstrated white pulp atrophy with fibrosis in each irradiated
group (Fig. 3C). The 137Cs irradiated group had increased white pulp with mildly expanded
marginal zones compared to 1 mm Cu. This group additionally contained multifocal,

often grossly visible, nodules of regenerating mononuclear cells in the red pulp most
consistent with extramedullary hematopoiesis (EMH) 10-days post-irradiation, becoming
more apparent by 14-days post-irradiation (Supplemental Fig. 2A). The Thoraeus group
had fewer regenerative nodules while the 1 mm Cu treated group had none. There were no
significant differences between groups concerning spleen weight (Fig. 3D).

To confirm that regenerative nodules represented EMH, we performed
immunohistochemistry for transferrin receptor (CD71), a marker expressed on erythroid
precursors, on spleens 10-days post-irradiation. These nodules were strongly CD71 positive
in the 137Cs and Thoraeus treated groups, with the 137Cs group additionally showing
increased CD71 positivity in the red pulp (Fig. 3E). Nodules were also myeloperoxidase
positive, indicating myeloid differentiation (Supplemental Fig. 2B). HSPC flow cytometry
confirmed increased percent and number of Lineage™, Sca-1*, c-Kit™ (LSK) cells in the
Thoraeus and 137Cs groups, though individual comparisons did not rise to significance (Fig.
3F,H). This population contains all MPPs and is approximately 20% HSCs (22). These data
suggest that EMH is increased in mice irradiated with higher energy sources.

Consistent with bone marrow H&E, we noted increased hemosiderin in irradiated spleens
which led us to perform Prussian blue staining to assess iron status post-irradiation.
Interestingly, there was severe iron overload in all irradiated spleens 10-days post-IR
without apparent differences between irradiated groups (Fig. 3G) persisting until 14-days
post-irradiation, while no hepatic increase was detected (Supplemental Fig. 2C-D).

After observing histologic differences in the spleen, we performed flow cytometry and
visualized leukocyte populations via UMAP dimensional reduction (Fig 31). We then
validated our gating manually to identify clusters (Supplemental Fig. 3A). Irradiated groups
generally experienced significant changes in immune populations relative to control. In
terms of absolute number, radiosensitive lymphocyte populations decreased causing a
relative increase in the percent of other populations post-irradiation (Supplemental Fig. 3B).
This included increased percent CD4* T-cells (1 mm Cu ~<0.0001, Thoraeus P=0.0117,
137Cs P<0.0001), and macrophages (1 mm Cu P=0.0086, Thoraeus P=0.0125, 137Cs
P=0.6367), as well as decreased percent B-cells (£<0.0001 each), monocytes (£<0.0001
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each), and CD11b dendritic cells (DCs) (£<0.0001 each). While there were no significant
differences comparing neutrophils between irradiated groups, there was a significant
increase in percent CD8* DCs in the 137Cs group relative to 1 mm Cu (P=0.0304; Fig.
3J), revealing that the immunologic landscape differs depending on beam quality.

Gastrointestinal Injury is Enhanced as Energy of Irradiation Decreases

Soft tissue injury as a function of radiation energy has not been well characterized. To
address this, we assessed gastrointestinal injury, a significant component of ARS at higher
doses. We evaluated the kinetics of gastrointestinal injury following 7 Gy WBI, finding
only mild intestinal injury 4-days post-irradiation characterized by reactive crypt hyperplasia
(Supplemental Fig. 4A). However, significant gastric hemorrhage was observed grossly
10-days post-IR and varied with radiation quality (Fig 4A-B, £P=0.0362). Gross samples
were scored by a blinded observer who identified severe hemorrhage in the 1 mm Cu group
and significant reductions in hemorrhage in the Thoraeus (P=0.0288) and 137Cs groups
(P=0.0007). Histology confirmed hemorrhage largely within the body of the stomach in the
1 mm Cu group with prominent hemorrhage in the submucosa and in the lamina propria of
the superficial mucosa (Fig. 4C).

Considering the relatively mild intestinal injury observed following 7 Gy WBI, we found

it necessary to dose-escalate to elicit more substantial intestinal injury. We, therefore,
irradiated mice with 12 Gy WBI, a dose often reported to deplete intestinal stem cells
(ISCs) (23,24). 12 Gy WBI induced significant intestinal injury that varied with radiation
quality 4-days post-irradiation in addition to provoking H-ARS with pancytopenia and
hypocellular, hemorrhagic marrow (Supplemental Fig. 4B-C). Blinded histologic evaluation
by an independent pathologist found that 1 mm Cu treated mice experienced the most severe
intestinal injury by 4-days post-irradiation with significant recovery in both groups by day 7
(Fig. 4D, Supplemental Fig. 5A). There were many villi without crypts (crypt loss) or only
vestigial crypts. The few crypts present showed minimal proliferative changes. Thoraeus
treated mice had some crypt loss with most crypts exhibiting mild to moderate proliferative
changes. 137Cs irradiated mice had some crypt loss with most crypts showing moderate
proliferative changes.

Morphometric measurements confirmed these results, showing nearly a 60% reduction

in crypts per cross-section in the 1 mm Cu group compared to control. Thoraeus and
137Cs caused significantly less crypt loss relative to 1 mm Cu (Fig. 4E; £<0.0001 each).
However, crypt depth did not increase in the 1 mm Cu group indicating a lack of
proliferation in response to radiation. Crypt depths in the Thoraeus and 137Cs groups were
significantly increased compared to the 1 mm Cu group (Fig. 4F; £=0.0057 and A<0.0001,
respectively). 137Cs showed slightly increased crypt depth over Thoraeus (P=0.0743). EdU
staining detected minimal crypt epithelial cell proliferation in 1 mm Cu (Fig. 4G-H).
137Cs irradiated mice exhibited increased cell proliferation over 1 mm Cu (/<0.0001) and
Thoraeus (P=0.0004), with Thoraeus also exhibiting increased proliferation above 1 mm Cu
(P=0.0001). 1 mm Cu however had a significant deficit of regenerating crypts (defined as
>5 EDU* cells/crypt; Fig. 4J; £<0.0001) while Thoraeus and 137Cs increased to normal
levels (P<0.0001 for each).
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Using immunohistochemistry to detect Olfactomedin-4 (OLFM4), a marker expressed

on LGR5* intestinal stem cells (ISCs) (25), we assessed I1SC depletion post-irradiation.
Following 7 Gy, there was no appreciable loss of ISC-containing crypts (Supplemental Fig.
5B). However, following 12 Gy 1 mm Cu, there was marked ISC loss relative to controls.
Meanwhile, nearly all crypts in 137Cs treated animals contained OLFM4* ISCs (Fig. 41).
These data demonstrate that intestinal injury and regeneration is dependent on the radiation
source, with lower energy sources inducing more crypt and stem cell loss and slowing
epithelial regeneration.

Combined Hematopoietic and Gastrointestinal Injury Induced by Partial-Body Irradiation
Depends on Radiation Quality

Partial-body irradiation (PBI) is used to study medical countermeasures for GI-ARS under
the FDA animal rule (26-28). It intends to allow for dose-escalation to focus on Gl-injury
with the hematopoietic system partially intact. Using PBI with 2.5% bone marrow sparing
by shielding the left-lower hindlimb, we assessed for differential survival after 1 mm Cu

or Thoraeus treatment hoping to determine an RBE for intestinal injury. Here, we found

that survival following 12 (P=0.0050) or 13 Gy (P=0.0021) was significantly improved,

and weight loss was attenuated following PBI with Thoraeus versus 1 mm Cu, however
there was limited dose-response which impaired RBE determination from survival data (Fig.
5A-D).

We assessed small intestinal histopathology 4-days post 12 Gy PBI, a dose causing

80% lethality with 1 mm Cu but 20% lethality following Thoraeus filtered irradiation.
Histopathologic differences in crypt depth, loss, and proliferation following 12 Gy PBI 1
mm Cu paralleled those seen after WBI (Fig. 5E). Crypt loss was markedly less severe after
12 Gy PBI Thoraeus (P=0.0141; Fig. 5F) with increased crypt depth 4-days post-irradiation
over control (P=0.0005) and 1 mm Cu irradiated animals (P=0.0057; Fig 5G). After 12 Gy
PBI, EdU* cells increased in the Thoraeus group over both control and 1 mm Cu (P=0.0078
and P=0.0053; Fig. 5H-1). 1 mm Cu irradiation decreased the percent of regenerating crypts
relative to control (P<0.0002; Fig. 5J). Thoraeus treated mice also exhibited significant
increases in regenerating crypts over 1 mm Cu treated animals (P=0.0003; Fig. 5H-J)
indicating a high degree of epithelial regeneration.

With 12 Gy being reported to ablate ISCs (24), we expected a significant contribution of GI-
ARS to death at this dose. We carefully conducted necropsies on animals meeting euthanasia
criteria post-12 Gy PBI 1 mm Cu to assess hematopoietic and gastrointestinal injury.
Grossly, mice had hematomas and subcutaneous hemorrhages, pale livers and kidneys,

as well as intestinal petechiae, all H-ARS hallmarks. Intestinal histology at the time of

death did not demonstrate damage consistent with death primarily from GI-ARS (Fig. 5K).
Conversely, sternal marrow was aplastic with significant expansion of adipocyte populations
and residual hemorrhage (Fig. 5L). The sum of these gross and histopathologic findings
points towards H-ARS as the major contributor to death.

We then performed bone marrow transplants (BMT) to mitigate hematopoietic injury in
an effort to understand gastrointestinal contributions to lethality post-irradiation. All mice
receiving BMT survived, while those without died, suggesting that gastrointestinal injury
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alone was insufficient to cause death (Fig. 5M). Weight loss in BMT treated mice was
significantly attenuated with 137Cs compared to PBI 1 mm Cu, continuing to suggest an
energy dependent biological effect (Fig. 5N).

We maintained the transplanted mice from this survival study for one-year post-irradiation to
assess for delayed effects of acute radiation exposure. Mice treated with 12 Gy PBI 1 mm
Cu + BMT began to die from delayed effects 8 months post-irradiation with 100% lethality
by the 11t month. Meanwhile, 100% of 12 Gy WBI 137Cs + BMT treated mice were

alive one-year post-irradiation representing a significant difference (£=0.0010) in delayed
effects (Fig. 5M). We were unable to perform autopsies, though earlier deaths with the low
energy beam may have resulted from the onset of the interstitial fibrosis in the heart, lung,
and kidneys which are sensitive to delayed radiation effects (29). These findings could be
relevant while planning long-term hematopoietic reconstitution studies using radiation for
myeloablation prior to BMT, with lower energy X-rays causing delayed death.

Discussion

Researchers expect that the radiation dose administered will produce consistent biological
effects regardless of radiation source. However, our work demonstrates that to produce the
expected biological effect, care must be taken with respect to energy and beam filtration.
While recent studies have demonstrated that orthovoltage X-rays and radionuclide y-rays
can achieve similar endpoints, including leukocyte depletion for blood transfusions clinically
or myeloablation for BMT preclinically (12,13,30-32), orthovoltage sources are more
biologically effective which can induce undesired toxicity when directly comparing doses
(12).

30-day survival studies to determine LDsq were performed nearly 70 years ago to calculate
the RBE of high energy irradiation versus orthovoltage X-rays, finding values ranging from
1.19-1.38 (Table 1). These RBEs were explained by increased photoelectric absorption in
the bone producing secondary electrons, thus increasing absorbed dose in the bone marrow
(33,34). Recent microdosimetry simulation and /n vitro data demonstrates that increasing
energy and filtration diminishes this effect (14). Our /n vivo studies build on this data

and are consistent with the notion that increasing X-ray filtration to increase the E of the
radiation spectrum alters RBE. We observed remarkable concordance between our results
and these prior studies, suggesting the effect is robust and reproducible (Table 1). The RBE
of 1.21 using 1 mm Cu filtered X-rays indicates a ~20% reduction in dose is necessary to
produce the same biologic effect as 13’Cs. Beam hardening with Thoraeus filtration shifts
this by ~10% to 1.09, requiring an only 10% reduction in dose with Thoraeus filtered
X-rays. These values were within 4% and 1%, respectively, of calculated relative absorbed
dose in bone marrow (14). This demonstrates that different quality beams have remarkably
different effects on biologic systems and further proves that filtration may be used to narrow
the gap in RBE between radionuclide and orthovoltage.

Multiple factors may influence RBE, however, which underscores the need for investigators
to determine RBE using their precise experimental conditions. Our orthovoltage WBI
models utilized unanesthetized mice to better simulate radiation accidents or attacks, yet
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our longstanding 137Cs model utilized anesthetized mice. Anesthesia could contribute to
radioresistance (35), thus altering the RBE. Yet, anesthesia effects on radiation response
are context dependent and could also cause radiosensitization or have no effect (36).
However, the difference in RBE between our two unanesthetized X-ray treated groups
and concordance with prior studies supports the concept that radiation energy influences
biological effect. Dose-rate may impact survival following WBI, although studies at lower
dose-rates demonstrated that 30-day mortality from hematopoietic syndrome was only
marginally affected by dose-rate (37). In our study, 1 mm Cu and 137Cs each exhibited
dose-rates of ~2 Gy/min allowing adequate comparison with constant dose-rate. Thoraeus
filtered X-rays had a lower dose rate of 1.12 Gy/min, yet the expected intermediate RBE was
identified, suggesting that dose-rate differences may have limited effect here.

Bone marrow histology demonstrated that hematopoietic regeneration post-irradiation was
dependent on radiation energy. Increased cellularity in Thoraeus and 137Cs irradiated bone
marrow suggests a greater capacity for recovery, likely due to reduced marrow-ablation

by these higher energy beams. This data correlated with flow cytometry demonstrating
increases in HSPC populations, particularly in 137Cs irradiated mice, by 10-days post-
irradiation. We anticipate that there would be greater separation between groups by 14-days
since continued recovery increased marrow cellularity by this point, however ~50% of 1
mm Cu irradiated mice are dead by then, presenting difficulties in studying these later
timepoints. The differential effects seen in the marrow may not solely be due to HSPC

loss but could also result from more severe stromal damage at lower energies which
impairs hematopoietic regeneration and could also impact engraftment of donor HSPC after
BMT (38). This is supported by modeling suggesting the increased absorbed dose in the
marrow with lower energy X-rays is largely in the endosteal niche, which contains stromal
populations responsible for supporting HSPCs (14,39).

In mice and humans, a significant proportion of stress hematopoiesis shifts to the spleen
(40). We found that irradiation with 1 mm Cu did not induce splenic extramedullary
hematopoiesis (EMH), while higher energies permitted development of EMH. Additionally,
we evaluated primary and secondary lymphoid organs to understand immunologic recovery
after irradiation with varying energies. Splenic white pulp expansion and reduced thymic
atrophy in the 137Cs group compared to 1 mm Cu speaks to a more rapid recovery after
higher energy irradiation, with the Thoraeus group intermediate between the two.

Our observation that irradiation induced substantial iron accumulation within the bone
marrow is consistent with prior work (41). Persistent iron overload within the marrow

may generate reactive oxygen species by the Fenton reaction, causing a prolonged “second-
hit” of oxidative stress, impairing hematopoietic recovery (42). Iron overload inhibits

bone mineralization by osteoblasts and facilitates differentiation to osteoclasts, potentially
contributing to bone deterioration post-irradiation (43,44). We observed severe splenic iron
overload post-irradiation which could reflect splenic destruction of oxidized red blood
cells to recycle iron. Radiation induces erythrocyte membrane alterations, including lipid
peroxidation, that could prompt splenic recognition (45). This could partially account for
the rapid onset of anemia (as early as 1-day post-irradiation) preceding gross signs of
hemorrhage.
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RBE is dependent on the biological system being studied and should be empirically
determined for each system, therefore we attempted to calculate an intestinal RBE using
survival data following PBI with 2.5% shielding of the marrow. However, we were unable
to do so using our models as we have demonstrated doses sufficient to cause death from
GI-ARS also induce concomitant H-ARS, because ARS is a multi-organ failure syndrome.
Therefore, we must protect bone marrow to an extent such that intestinal injury is the
primary contributor to death to determine an intestinal RBE using survival, such as, BMT
after WBI or PBI.

Intestinal histologic recovery following 12 Gy PBI contrasted with aplastic bone marrow,
and BMT studies demonstrated reconstitution of the marrow completely prevented death
post-irradiation, suggesting H-ARS primarily contributed to death despite reports of LGR5*
ISC loss at this dose (23,24). This is consistent with prior work which demonstrates that

12 Gy WBI in C57BL/6J mice primarily leads to bone marrow failure, and dose-escalation
is required to induce sufficient crypt loss to cause death primarily from intestinal failure
(38,46-48). The influence of hematopoietic failure here despite the intent to achieve ISC
depletion leads us to caution researchers against using physical dose as an absolute predictor
of pathology. Instead, doses must be experimentally validated using individual irradiators
to provoke the desired pathology. Furthermore, time-to-death should not be used as a sole
indicator of the predominance of hematopoietic or gastrointestinal injury. While death in
less than ten-to-fourteen days post-irradiation is frequently considered to be from GI-ARS,
we observed this timing even at doses we are demonstrating to result from hematopoietic
failure, particularly at lower energy, consistent with prior literature (38).

While we were unable to calculate an intestinal RBE based on overall survival in this

study, one study calculated an RBE of 1.16 using survival of clonogenic crypt cells per
circumference between 300 kVp X-rays (unknown filtration) and 9Co y-rays (49). This
indicates that histopathology may be useful in determining RBEs for intestinal radiation
studies. Although additional study is needed, for which we suggest utilizing intestinal
histopathology and functional endpoints in addition to survival. Comparing intestinal injury
histologically at identical doses, while varying beam quality, revealed significant differences
in crypt loss, stem cell ablation and epithelial proliferation between irradiated groups after
both WBI and PBI. There is good evidence that orthovoltage X-rays promote increased
photoelectric absorption in bone due to the energy and atomic number dependence of the
photoelectric effect (1,14). However, it is unclear if there is a similar physical influence
which could increase absorbed dose in the intestine. The more severe intestinal injury

we identified was accordingly unexpected, and further study is required to explain this
phenomenon. It is possible, although unlikely, that the increased probability of photoelectric
absorption could increase absorbed dose, as in bone. Increased ionization density with
lower energy X-rays and increased linear energy transfer (LET; a measure of energy
deposited per unit distance) could influence RBE in bone and soft tissue. The LET
increases with decreasing photon energy because the secondary electron energy depends

on both the interacting photon energy and the fraction of its energy transferred to secondary
electrons. The latter decreases with decreasing photon energy for Compton interactions,
thus decreasing secondary electron energy and LET which can increase their RBE (50). In
addition to these direct effects on soft tissue, the more severe hematopoietic injury following
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orthovoltage irradiation could hamper intestinal regeneration due to a role for bone marrow-
derived cells in GI-ARS (51). Comparing between WBI and PBI with orthovoltage X-rays
demonstrates improved histologic structure and morphometry by 4-days following PBI,
supporting this notion of hematopoietic contributions to gastrointestinal recovery.

Consequently, we recommend against utilizing the RBE values calculated herein for
dose-adjustment in the intestinal compartment because RBE measurement is inherently
influenced by the systems’ specific biologic and physical parameter.

Overall, we have demonstrated that within the energy range used in preclinical irradiation,
there is remarkable variation in biological effectiveness. Orthovoltage X-rays produced more
severe hematopoietic, immunologic, and gastrointestinal injury compared to 137Cs y-rays

at constant dose. While our results are specific to these systems, the overarching concept
transcends systems (3-11,49,52), and is therefore relevant to all researchers using radiation
in their studies. The increased RBE of orthovoltage X-rays holds true for both irradiation of
implanted tumors /n vivo and of tumor cells /n vitro (4-6), though assessment using modern
techniques is necessary. Reporting a dose is insufficient without detailed reporting of source,
energy, and filtration, preferably with characterization of biological effect. Knowledge of
this phenomenon will aid in the interpretation and reproducibility of studies as researchers
transition from radionuclide to orthovoltage sources.

As radiation countermeasures researchers, we cannot abide the continued use of
radionuclide sources outside of specialized laboratories. While we have drawn attention

to the difference in RBE between these sources, orthovoltage can be utilized in many, if not
most, cases. This transition, however, necessitates physical dose-reduction and optimization.
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Refer to Web version on PubMed Central for supplementary material.
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Understanding the significance of physical dose delivered using energetically different
methods of radiation treatment will aid the transition from radionuclide -y-irradiators to

orthovoltage X-irradiators.

Significance
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Figure 1: Radiation Beam Quality Alters 30-Day Survival in Mice Exposed to Whole-Body
Irradiation.

(A) Schematic depicting the effects of radiation energy on bone marrow injury with
calculated average energies of the radiation spectra, ratios of photoelectric effect to Compton
scattering in compact bone and soft tissue, and LDsgq from each irradiation source. (B)
Kaplan-Meier survival curves from experiments with whole-body irradiation of mice using
orthovoltage X-rays with 1 mm Cu filtration, (C) orthovoltage X-rays with Thoraeus
filtration, or (D) Cs-137 y-rays. (n=10/group; Results pooled from several experiments.)
(E) Mean weight loss (%) following whole body irradiation with orthovoltage X-rays with
1 mm Cu filtration, (F) orthovoltage X-rays with Thoraeus filtration, or (G) Cs-137 y-rays.
(H) Logit analysis of 30-day survival using each radiation modality. (I) Kaplan-Meier
curve comparing 7.0 Gy with each modality. 95% confidence intervals (dotted line). (J)
Comparison of weight loss (%) following 7 Gy whole-body irradiation with each radiation
modality. Data is represented as mean + SEM. HVL: Half-Value Layer.
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Figure 2: Hematopoietic Injury Decreases with Increasing Radiation Energy at a Constant Dose.
Complete blood count of peripheral blood analyzed by one-way ANOVA for (A) hematocrit,

(B) white blood cells, and (C) platelets 10-days after 7 Gy whole-body irradiation. Results
combined from two independent experiments (n=3/group). (D) Femoral cell counts were
performed 10-days post-irradiation using an automated hemacytometer and combined
from two independent experiments for analysis with one-way ANOVA. (E) H&E-stained
sternal bone marrow depicting sternebrae 10-days post-irradiation representative of three
independent experiments. (Scale Bar 100 pm; n=6/group). (F) H&E-stained sternal bone
marrow 10-days post-irradiation representative of three independent experiments (Scale
Bar 20 um; n=6/group). (G) Prussian blue staining with nuclear fast red counterstain

to detect iron (blue) in sternal bone marrow 10-days post-irradiation. Representative of
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three independent experiments (Scale Bar 25 um; n=6/group). (H) Hematopoietic stem

and progenitor cell flow cytometry was performed on bone marrow collected from mice
10-days post-irradiation with results combined from two independent experiments analyzed
by two-way ANOVA (n=6/group). Populations are represented as the total number of cells
per femur using logarithmic scale. Data is represented as mean + SEM. P<.01 (**), P<.0001
(****). LT-HSC: Long-Term Hematopoietic Stem Cell, MPP: Multipotential Progenitor,
CMP: Common Myeloid Progenitor, GMP: Granulocyte-Macrophage Progenitor, MEP:
Myeloid-Erythroid Progenitor, CLP: Common Lymphoid Progenitor.
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Figure 3: Splenic and Thymic Regeneration Following 7 Gy WBI Varieswith Radiation Energy.
(A) Representative images of H&E-stained thymus 10-days post-IR from two independent

experiments (Scale Bar 100 um; n=3/group). (B) Thymus weights 10-days post-irradiation
represented as a percent of body weight at the time of euthanasia and analyzed by one-
way ANOVA. (C) H&E-stained spleens harvested from mice 10-days post-irradiation with
regions of extramedullary hematopoiesis delineated by dotted yellow lines. Results are
representative of two independent experiments. (Scale Bar 200 um; n=6/group). (D) Spleen
weights 10-days post-IR represented as a percent of body weight at the time of euthanasia
and analyzed by one-way ANOVA. (n=3/group). (E) CD71 IHC (brown) in spleens 10-days
post-irradiation, representative of two independent experiments (Scale Bar 100 um; n=6/
group). (F) Splenic flow cytometry for the percent of live Lin-, Sca-1+, c-Kit+ (LSK)

cells 10-days post-irradiation analyzed by one-way ANOVA. (n=2/group). (G) Spleens
were stained with Prussian Blue to detect iron (blue) 10-days post-irradiation. Results are
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representative of three independent experiments. (H) Total number of LSK cells per spleen
10-days post-irradiation analyzed by one-way ANOVA. (1) Uniform manifold approximation
and projection (UMAP) plots representing clusters of immune cell populations in the spleens
10-days post-irradiation. Gating strategy at right. (J) Leukocyte populations gated on UMAP
clusters as a percent of total CD45™ cells were compared by two-way ANOVA. Data is
represented as mean + SEM. P<.05 (*), P<.01 (**), P<.001 (***), P<.0001 (****). DN:
Double Negative, NKs: Natural-Killer Cells, DCs: Dendritic Cells, pDCs: Plasmacytoid
Dendritic Cells.
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Figure 4: Gastrointestinal Injury is Dependent on Energy of Irradiation
(A) Gross pathology of stomachs 10-days after whole-body irradiation demonstrating

gastric hemorrhage. (B) Gross gastric bleeding was scored semi-quantitatively by a blinded
observer. (C) Representative H&E-stained sections of stomachs. Yellow arrowheads indicate
mucosal hemorrhage. Yellow asterisk indicates submucosal hemorrhage. (Scale Bar 50

um; n=4/group). (D) H&E-stained intestinal sections from mice 4-days post-12 Gy WBI
representative of two independent experiments. (Scale Bar 100 pm; n=3/group.) (E)

Total counts of crypts per circumference of intestinal cross-sections and (F) Crypt depth
measurements 4-days post-irradiation analyzed by one-way ANOVA. (G) EdU incorporation
was fluorescently detected (green) to assess cell proliferation in intestinal crypts 4-days
post-12 Gy WBI. Images representative from two independent experiments. (Scale Bar 100
um; n=3/group). (H) EdU™ cells per intestinal crypt were counted 4-days post-irradiation
and analyzed by one-way ANOVA. (1) Olfactomedin-4 (OLFM4; red) was detected by IHC
4-days after 12 Gy of whole-body irradiation, representative of two independent experiments
(Scale Bar 100 um; n=3/group). (J) The percent of regenerating crypts (=5 EdU+ cells/
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crypt) was calculated 4-days post-irradiation and analyzed by one-way ANOVA. Data is
represented as mean £ SEM. P<.05 (*), P<.01 (**), P<.001 (***), P<.0001 (****).
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Figure 5: Responseto Partial Body-Irradiation is Altered by Energy of Irradiation
(A) Kaplan-Meier survival curves for mice receiving partial-body irradiation with either 1

mm Cu or (B) Thoraeus filtered orthovoltage X-rays. (C) Comparison of weight loss (%
of starting body weight) following partial-body irradiation with either (C) 1 mm Cu or

(D) Thoraeus filtration. (E) Representative Hematoxylin & Eosin (H&E)-stained intestinal
sections from mice 4-days post-12 Gy partial-body irradiation. (Scale Bar 100 pm; n=3/
group.) (F) Total counts of crypts per circumference of intestinal cross-sections and (G)
Crypt depth measurements 4-days post-irradiation analyzed by one-way ANOVA. (H) EdU
incorporation was fluorescently detected (green) to assess cell proliferation in intestinal
crypts 4-days post-12 Gy PBI (Scale Bar 100 um; n=3/group.) (1) EdU+ cells per intestinal

crypt and (J) the percent of regenerating crypts (=5 EdU+ cells/crypt) 4-days post-irradiation

analyzed by one-way ANOVA. (K) Representative H&E-stained intestinal sections from
moribund mice following 12 Gy partial-body irradiation. (Scale Bar 100 pum; n=5). (L)
Representative H&E-stained bone marrow sections showing one sternebrae in moribund
mice (n=5). (M) Kaplan-Meier survival curves from mice irradiated either with 12 Gy PBI
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(1 mm Cu) or 12 Gy WBI (Cs-137). Mice were either administered a PBS injection or bone
marrow transplant 24 hours post-irradiation. (N) Weight loss as a percent of starting body
weight for mice in the survival study. Data is represented as mean + SEM. P<.05 (*), P<.01
(**), P<.001 (***).
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Comparison of Prior RBE Calculationswith the Present Study.
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RBE was calculated using LDsg values from 30-day survival studies in mice after whole-body irradiation.

Irradiation was performed with high energy radionuclide y-ray sources or megavoltage X-ray sources and
compared to orthovoltage X-rays. HVL: Half-Value Layer.

R.B.E.
High Energy Orthovoltage X- L Dsomigh | L Dsoreow )
Reference - 9 (L Dsorhigh/
Radiation rays
y (Gy) (Gy) L Dsgton)
Kohn & Kallman, 1956 | 1000 kVp Xcrays. 3.3 mm Pb 250 kVp, 1.6 mm Cu HVL 7.58 6.36 119
Upton et al., 1956 Cobalt-60 y-rays 250 kVp, 0.55 mm Cu HVL 7.30 5.28 1.38
Radium -y-rays 250 kVp, 2.6 mm Cu HVL 6.71 5.01 1.34
Storer et al., 1957
Radium -y-rays 250 kVp, 2.6 mm Cu HVL 7.20 5.58 1.29
Paterson et al., 1957 4 MV X-Rays 300 kVp 7.47 5.61 1.33
Cesium-137 y-rays 300 kVp, 1 mm Cu HVL 8.12 6.72 1.21
Present Study
Cesium-137 y-rays 300 kVp, 4 mm Cu HVL (Thoraeus) 8.12 7.42 1.09
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